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Our laboratory’s recent observations that transcriptionally inactive phosphoprotein (P) mutants can effi-
ciently function in replicating vesicular stomatitis virus (VSV) defective interfering particle in a three-plasmid-
based (L, P, and N) reverse genetics system in vivo (A. K. Pattnaik, L. Hwang, T. Li, N. Englund, M. Mathur,
T. Das, and A. K. Banerjee, J. Virol. 71:8167-8175, 1997) led us to propose that a tripartite complex consisting
of L-(N-P) protein may represent the putative replicase for synthesis of the full-length genome RNA. In this
communication we demonstrate that such a complex is indeed detectable in VSV-infected BHK cells. Further-
more, coexpression of L, N, and P proteins in Sf21 insect cells by recombinant baculovirus containing the
respective genes also resulted in the formation of a tripartite complex, as shown by immunoprecipitation with
specific antibodies. A basic amino acid mutant of P protein, P260A, previously shown to be inactive in
transcription but active in replication (T. Das, A. K. Pattnaik, A. M. Takacs, T. Li, L. N. Hwang, and A. K.
Banerjee, Virology 238:103-114, 1997) was also capable of forming the mutant [L-(N-Pmut)] complex in both
insect cells and BHK cells. Sf21 extract containing either the wild-type P protein or the mutant P protein along
with the L and N proteins was capable of synthesizing 42S genome-sense RNA in an in vitro replication
reconstitution reaction. Addition of N-Pmut or wild-type N-P complex further stimulated the synthesis of the
genome-length RNA. These results indicate that the transcriptase and replicase complexes of VSV are possibly
two distinct entities involved in carrying out capped mRNAs and uncapped genome and antigenome RNAs,

respectively.

Vesicular stomatitis virus (VSV), the prototype rhabdovirus,
contains a single-stranded negative-sense genome RNA con-
sisting of 11,161 nucleotides (nt) (26, 27) which is encapsidated
by the nucleocapsid protein (N) and associated with the RNA-
dependent RNA polymerase consisting of a large protein (L)
and the phosphoprotein (P) along with specific host factors (1).
In the transcription process, phosphorylation of P protein by
cellular casein kinase II at specific sites is required for its
activity (3, 4, 5). The virion-associated RNA polymerase syn-
thesizes sequentially from the 3’ end of the genome RNA, a
leader RNA (47 nt long) and five mRNAs in order, both in
vitro and in vivo, encoding the N, P, M (matrix protein), G
(glycoprotein), and L proteins. During the replication reaction,
however, a critical attenuation of transcription occurs at the
gene junctions, resulting in the synthesis of a full-length anti-
genome-sense RNA which is concomitantly enwrapped with
the N protein. The positive-sense N-RNA complex then serves
as a template for the RNA polymerase to produce more ge-
nome-sense progeny N-RNA, leading to mature virus synthe-
sis. Since the encapsidation by N protein is a prerequisite
during the replication process (1, 7, 12, 15, 22, 23), it has been
proposed that the N protein somehow modifies the RNA poly-
merase, thus facilitating the attenuation process (1, 7). It was
subsequently shown that the N protein in the infected cells
remains complexed with the P protein (6, 24), and this soluble
complex, not N by itself, is directly involved in the replication
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process. It is also generally believed that the RNA polymerase,
which is composed of L and P proteins, carries out both the
RNA synthetic events, i.e., transcription and replication, with
N-P complex initiating the latter process. The exact mechanism
of the replication reaction, however, remains unclear.

Some recent observations from our laboratory have brought
to light a possible scenario where the transcriptase and repli-
case may, in fact, be two distinct entities. Using a reverse
genetics system and utilizing a transcribing minigenome and
defective interfering particle, we have shown that both phos-
phorylation-negative mutants (21) as well as mutation at the
C-terminal basic domain of the P protein (11) are transcrip-
tionally inactive but are fully active in replication of a defective
interfering particle. These mutants, however, are capable of
forming the soluble N-P complex, the required intermediate
for the replication reaction (28). Since these mutant P proteins
(Pmut) cannot provide the transcriptive function to the L pro-
tein but support replication, it was speculated that the L pro-
tein must interact directly with the N-P complex to form a
functionally active tripartite complex L-(N-Pmut) which may
serve as the putative replicase to carry out the replication
reaction. These studies raised the possibility that replicase and
transcriptase are two distinct entities with distinctly different
subunit compositions.

To gain insight into the structure and function of the puta-
tive tripartite complex, we first studied the interaction of L, P,
and N proteins both from VSV-infected mammalian cells as
well as from insect cells expressing both wild-type and mutant
recombinant proteins. BHK 21 cells were first infected with
VSV Indiana serotype at a multiplicity of infection of 10.0.
Infected cells were labeled with [>*S]methionine for 1 h before
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FIG. 1. Association of L and N protein in VSV-infected BHK 21 cells. BHK 21 cells, infected with VSV at a multiplicity of infection of 10.0,
were incubated for different time periods postinfection followed by 1 hour of labeling with [>*S]methionine. Cells were then lysed in a hypotonic
buffer containing 20 mM Tris (pH 7.5), 20 mM NaCl. After lysis, the extract was adjusted to a final concentration of 150 mM NaCl, 1 mM
dithiothreitol, 5% glycerol, followed by centrifugation at 100,000 X g. The soluble supernatant (S-100) was immunoprecipitated either with P
antibody (P) or with N antibody (N). Numbers above the lanes indicate the time (in hours) postinfection that samples were collected. Mock,
uninfected cell extract; —, samples before immunoprecipitation. The arrows on the right side indicate the position of migration of the different viral

proteins.

harvesting at different time periods postinfection. To score for
the interacting viral proteins, soluble supernatant was immu-
noprecipitated with either P or N antibody (Fig. 1). As ex-
pected, the L and the N proteins were immunoprecipitated by
P antibody; these two proteins are known to interact indepen-
dently with the P protein. Interestingly, using N antibody, L
protein was precipitated along with the P protein, suggesting
that the L protein must have interacted with the N protein; the
latter is possibly complexed with the P protein. The formation
of such a tripartite complex was discernible at 4 h and in-
creased at later time periods postinfection. It is important to
note that the amount of L and P proteins pulled down from the
extract by the N monoclonal antibody is quite different com-
pared to the complex precipitated by the P antibody. Although
the amount of N protein was identical in both cases, the P
protein content was disproportionately low in the complex
pulled down by the N antibody (Fig. 1). In contrast, P antibody
was able to pull down a significant amount of N protein, com-
mensurate with its forming a complex with the P protein.
Although the reason for this difference in N protein content in
these complexes is unclear, it should be noted that the N
antibody is a monoclonal antibody which may interact with a
specific epitope displayed by the tripartite L-N-P complex. The

fact that a significantly higher amount of L protein was pre-
cipitated by the P antibody than by the N antibody indicates
that two different forms of complexes, e.g., L-P and L-N-P, may
have been formed, both of which are precipitable by the P
antibody. Finally, these observations indicate that in VSV-
infected cells, the L and N proteins appear to interact and form
a complex in the presence of the P protein. Note that a low-
molecular-weight band appeared in every lane in the immuno-
precipitate of the virus-infected extracts. This band appears to
be either a degradation product or an internally initiated frag-
ment of the N protein.

Because it was not possible to determine from the above
studies whether the L-N interaction can take place in the
absence of P, we used recombinant baculoviruses to study the
interaction of expressed recombinant proteins in insect cells
(19). Since the baculovirus expression system is known to be an
efficient one, we initially used Sf21 cells for infection with
recombinant baculovirus containing either the L or P or N
gene. Seventy-two hours postinfection, soluble cell extracts
were prepared and the syntheses of the recombinant proteins
were analyzed by sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis followed by Coomassie blue staining.
As shown in Fig. 2A, each protein was efficiently expressed
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FIG. 2. Expression and association of the recombinant proteins in
Sf21 cells. Sf21 cells, grown in a suspension culture, were infected
singly, doubly, or triply with recombinant baculovirus containing wild-
type L, P, and N genes at a multiplicity of infection ratio of 1:5:5 (24).
Seventy-two hours postinfection, the cells were harvested and the sol-
uble extract (S-100) was made as described in the legend for Fig. 1.
(A) A 20-pg aliquot of total protein for each sample was analyzed in
an SDS-polyacrylamide gel followed by Coomassie blue staining. Re-
combinant viruses used to infect the cells are marked on the top of
each lane. The position of migration of the L, P, or N protein is indi-
cated by the arrow. (B and C) Immunoprecipitation of Sf21 soluble
(S-100) extracts. Cells expressing different viral proteins either alone
or in combinations, marked on top of each lane, were immunoprecipi-
tated either with P antibody (P-Ab), N antibody (N-Ab), or L antibody
(L-Ab) followed by Western blotting with anti-L antibody. (B) All three
expressed proteins are wild type. The extreme left lane (RNP) indi-
cates the position of migration of the L protein using viral RNP as an
authentic source, detected by Western blotting. (C) Results of the same
experiment as shown in panel B, with the exception that instead of the
wild-type P protein cells were infected with a mutant construct, P260A.

when Sf21 cells were infected singly or in combination with
recombinant baculoviruses. Each extract was then subjected to
immunoprecipitation using either P or N antibody followed by
immunoblotting with L antibody (Fig. 2B). While the P anti-
body can coprecipitate the L protein either from L-P- or L-P-
N-expressing extracts, the N antibody again brought down the
L protein only when all three proteins were expressed. Inter-
estingly, the L protein failed to interact with the N protein in
the absence of the P protein. Thus, it seems that the L protein
does indeed form a tripartite complex composed of N and P
only when all three proteins are coexpressed in insect cells.
Similar to the wild-type P protein, P260A was also found to
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be active in forming the tripartite complex with the L and N
proteins. As shown in Fig. 2C, the L protein was pulled down
with N antibody only when all three proteins were coexpressed,
indicating the formation of an L-(N-Pmut) complex. In con-
trast, no L was seen when L and N were coexpressed followed
by immunoprecipitation with N antibody. Thus, it seems that
the mutant P protein is also capable of forming a tripartite
complex with L and N, similar to the wild-type P protein.

To further confirm that the L-N interaction is dependent on
the presence of the P protein, we used rabbit reticulocyte lysate
to translate in vitro the N protein alone or in the presence of
wild-type (Pwt) or mutant (P260A) P protein. After transla-
tion, the postribosomal supernatant was incubated with par-
tially purified recombinant L protein expressed in insect cells
(10), followed by immunoprecipitation with anti-L antibody.
As shown in Fig. 3B, L antibody efficiently pulled down both N
and the wild-type or mutant P proteins when expressed to-
gether. In contrast, no specific immunoprecipitation of N pro-
tein by the L antibody could be detected when N protein was
expressed alone and incubated with L protein. Note that the
amount of N protein that cross-reacted with L antibody in the
absence of L protein is virtually identical to that observed in
the presence of L protein. These results further confirm that N
protein cannot interact with L protein in the absence of P
protein.

Next, we studied the RNA-synthetic ability of the Sf21-
expressed putative tripartite complex in a reconstituted tran-
scription-replication reaction in vitro. Following incubation
with the N-RNA template and ribonucleoside triphosphates,
the product RNAs were analyzed by electrophoresis in a 1%
agarose formaldehyde gel. As shown in Fig. 4, the coexpressed
L-P extract efficiently transcribed the N-RNA template to syn-
thesize mRNAs. The majority of the labeled products migrat-
ing below the 6.0-kb marker (Fig. 4A) are the mRNAs, as
judged by the binding to an oligo(dT) cellulose column (data
not shown). In contrast, when extracts containing all three
proteins were added to the N-RNA template, synthesis of a
genome-length RNA was clearly discernible. There was a sig-
nificant increase in genome-length RNA synthesis when ex-
tract containing N-P complex was added under these condi-
tions (Fig. 4A). Note that when extract expressing both the N
and P proteins was further added to the L-P-expressing extract,
the synthesis of the genome-length RNA did not increase sig-
nificantly. These results indicate that the coexpression of all
three proteins is required for efficient replication in vitro. Stim-
ulation of replication by the addition of N-P-expressing extract
is probably due to the requirement of N protein on a contin-
uous basis for encapsidation of the nascent RNA synthesis. It
appears then that in the triply expressed cell extract, the major
complex is represented by the tripartite complex with little, if
any, N-P complex. Note that the length of the heterogeneous
RNAs (lane 4) is increased, which probably represents incom-
plete read-through RNA synthesized during the replication
reaction.

To confirm the polarity as well as the identity of the *?P-
labeled RNA products synthesized in vitro migrating near the
11-kb region, Northern blot experiments were carried out (Fig.
4B and C). *?P-labeled positive-sense or negative-sense ribo-
probe of the P gene was synthesized by T7 RNA polymerase or
by SP6 RNA polymerase, respectively. In both cases, the P-
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FIG. 3. Association of L, N, and P proteins in a cell-free translation system. In vitro-synthesized, T7-transcribed RNAs for N, Pwt, or the P260A
mutant were added to a 40-pl rabbit reticulocyte lysate mixture either individually or in combination along with [**S]methionine. The lysate was
incubated for 90 min at 30°C followed by sixfold dilution with 150 mM NaCl containing Tris-EDTA (pH 8.0) buffer and centrifugation on a 30%
glycerol cushion at 100,000 X g for 60 min. The supernatant (240 pl) was collected. (A) Ten microliters of each of the supernatants was directly
analyzed in an SDS-polyacrylamide gel followed by autoradiography. (B) One hundred microliters of each of the supernatants was incubated at
30°C for 30 min either in the absence (-L) or presence (+L) of partially purified recombinant L expressed in insect cells (10 pg) and subsequently
immunoprecipitated with anti-L antibody, followed by gel electrophoresis and autoradiography. The positions of migration of the N and P proteins

are marked.

RNA probe hybridized with the newly synthesized RNAs mi-
grating near the 11-kb region, indicating the synthesis of full-
length positive-sense (Fig. 4C) and genome-sense (Fig. 4B)
RNAS in vitro. The band appearing in the control lane (Fig.
4B, lane 1) represents the negative-sense genome RNA de-
rived from the input template N-RNA.

Similarly, to determine the replicase activity of the tripartite
complex containing the mutant P protein in vitro, partially
purified fractions of L-P260A, L-(N-P260A, and N-P260A
were used in a transcription-replication reaction in the pres-
ence of N-RNA template (Fig. 5). This purification step was
necessary because the presence of some putative host factor(s)
in crude cell extracts nonspecifically enhanced the transcrip-

tion reaction, which would be otherwise defective in transcrip-
tion (Fig. 5A and B, lanes 3 and 4). In fact, preliminary exper-
iments (data not shown) strongly suggest that a cellular
factor(s) may be responsible for activating the transcriptionally
defective P260A mutant when it is expressed in insect cells.
When the N-P260A complex (partially purified) was added to
the L-(N-P260A)-containing fraction (partially purified), syn-
thesis of genome RNA was significantly increased (Fig. 5B,
lane 5), indicating that the N-P260A complex is capable of
replicating the genome RNA similar to the wild-type complex
(Fig. 4). Note that the transcription of mRNAs from L-P260A
(partially purified) and N-RNA (Fig. 5A, lane 3) was also
increased (Fig. 5A, lane 5) with the addition of the N-P260A
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FIG. 4. Reconstitution of in vitro replication reactions using Sf21-expressed wild-type L, N, and P proteins. The in vitro replication reaction
was carried out with (+) or without (—) N-RNA template in the presence (+) or absence (—) of Sf21 cell extracts expressing different recombinant
proteins. (A) Analysis of the **P-labeled in vitro-synthesized RNA products in a 0.8% agarose—formaldehyde gel. N-RNA template isolated from
purified VSV virions was incubated with the soluble supernatant (S-100) of Sf21-expressed proteins at 30°C for 3 h in a buffer containing 100 mM
HEPES (pH 7.0), 150 mM NH,CI, 6 mM KCl, 5 mM MgCl,, 1 mM dithiothreitol, 1 mM concentration each of ATP, CTP, and GTP, 100 uM UTP,
25 pCi of [a-**P]JUTP, and 80 U of RNasin/ml. The reaction mixtures were then deproteinized, followed by ethanol precipitation. The RNA
samples were then denatured with a formamide-formaldehyde-containing denaturing dye and run in a formaldehyde-agarose gel. The position of
42S genome RNA is indicated by an arrow. (B and C) Northern blot analyses of unlabeled RNAs synthesized from an in vitro replication reaction
either by hybridization with positive-sense (T7-transcribed) (B) or negative-sense (SP6) (C) P riboprobes. Numbers on the left side indicate the
position of migration of known molecular mass markers (in kilobases).

complex, suggesting that the N-P260A fraction may still con-
tain a cellular factor(s) responsible for nonspecific transcrip-
tion activation. The synthesized genome RNA was confirmed
to contain both 428 plus and minus strands, as shown in Fig. 4B
and C and data not shown.

In this report, we present evidence for the first time that
indeed a tripartite complex containing L, P, and N proteins is
formed in VSV-infected cells (Fig. 1) as well as in insect cells
when the three proteins are coexpressed (Fig. 2). The exact
stoichiometry of the component proteins in the complex, how-
ever, remains undetermined at the present time. It is quite
clear that in the absence of P protein, no interaction of L
protein with N protein occurred, indicating that P protein is
required to form the tripartite complex. This putative tripartite

complex, irrespective of whether formed in the presence of
wild-type or mutant P, initiates synthesis of a genome-length
RNA in vitro in the presence of the N-RNA template (Fig. 4
and 5). Addition of the N-Pwt or N-P260A complex to the
extract further stimulated the replication reaction, suggesting
an important role for the N-P complex in the replication re-
action, probably in providing N protein for encapsidation. The
ability of the transcriptionally inactive P260A mutant to carry
out the replication reaction in conjunction with the L and N
proteins supports our contention that the replicase is structur-
ally distinct from the transcriptase. Similar experiments using
transcriptionally inactive P protein, e.g., P3A, are currently in
progress. It is noteworthy that in a recent report a direct
interaction between the L and N proteins in another negative-
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expressed wild-type L and N proteins and the mutant P protein, P260A.

32P-labeled in vitro-synthesized RNA products were analyzed as described in the legend for Fig. 4. The L-P260A (A) or L-N-P260A (B) extracts
used here were partially purified by passing through a phospho-cellulose column equilibrated with a 150 mM NaCl salt concentration and
combining the fractions eluted between 350 to 600 mM NaCl. The eluted fractions were rechromatographed through a second phospho-cellulose
column following the same cycle. This time the peak fraction containing L, N, and P260A that eluted at an approximate salt concentration of 500
mM was used for the in vitro replication assay. Partial purification of N-P260A was achieved by loading the N-P260A-expressing S-100 extract on
a phospho-cellulose column equilibrated at a 250 mM NaCl salt concentration. The flowthrough fraction was then loaded onto a DE-52 column
at the same salt concentration. The eluted fraction from the DE-52 column between 400 and 600 mM NaCl was used as a purified fraction of

N-P260A. Mock/crude, uninfected Sf21 extract.

strand RNA virus, human parainfluenza virus type 2, was re-
ported (20). In view of our present observations, it can be
envisaged that in that system, the L-N complex presumably
represents the replicase complex, and in the presence of the
N-P complex the replication reaction is further augmented.
Additional experiments are needed to probe into this possibil-
ity.

Finally, based on our results, we propose that the transcrip-
tase and replicase are structurally distinct entities with differ-
ent compositions and functions. The transcriptase holoenzyme
is composed of L protein bound to phosphorylated P protein
oligomer (9, 13, 14) and specific host factors (10, 16) and is
primarily involved in the synthesis of capped mRNAs, begin-
ning sequentially with N mRNA synthesis and so on. The
replicase, on the other hand, is composed of L protein bound

to the N-P complex, forming a tripartite complex of unknown
composition, and it initiates the synthesis of uncapped leader
RNA which is concomitantly enwrapped by the N protein
released from the soluble pool of N-P complex and continues
to synthesize the full-length antigenomic RNA and, subse-
quently, the genomic RNA. This contention may explain the
molecular basis of several unexplained observations and infer-
ences made in earlier studies, such as (i) the leader RNA is
uncapped with a polyphosphate 5’ end, whereas the mRNAs
are capped (1, 8). Since it appears that replicase is structurally
different from transcriptase, it may not manifest the capping
activity, and thus initiates leader RNA with a polyphosphate 5’
end. Moreover, the observed differential requirements of ATP
for leader RNA and mRNA synthesis (17, 25, 29) also point
towards the involvement of two distinctly different polymerase



738 NOTES

complexes. (ii) It has been previously suggested that the syn-
thesis of leader RNA in vitro by the RNP is a “replication
attempt” by the transcriptase (1, 2), and in the absence of the
N-P complex, leader RNA synthesis is aborted at a specific
gene junction. As per our proposition, if the leader RNA is
indeed synthesized by the replicase, it must also be associated
with the RNP. The presence of such a virion-associated repli-
case can be established by purification of the associated pro-
tein components (L, P, and N) from the RNP. (iii) The mul-
tiple initiation of RNA (leader RNA and mRNA) observed
during transcription (30, 31) is, thus, carried out by two poly-
merase entities, replicase and transcriptase, respectively, and
both must initially be located on the leader template at sepa-
rate promoter sites. Recent observations, in fact, tend to sup-
port these contentions (7a, 18, 32; S. P. Whelan and G. W.
Wertz, 20th Annu. Meet. Am. Soc. Virol., abstract P150, 2001).
Clearly, purification of the putative tripartite complex from the
insect cells as well as from the virion will be needed to gain
insight into the exact polypeptide composition of the complex
and delineate its precise function in the replicative reaction.

This work was supported by National Institutes of Health grant Al
26585 (to A.K.B.).

REFERENCES

1. Banerjee, A. K. 1987. Transcription and replication of rhabdoviruses. Micro-
biol. Rev. 51:66-87.

2. Banerjee, A. K., S. Barik, and B. P. De. 1991. Gene expression of nonseg-
mented negative strand RNA viruses. Pharmacol. Ther. 51:47-70.

3. Barik, S., and A. K. Banerjee. 1991. Cloning and expression of the vesicular
stomatitis virus phosphoprotein gene in Escherichia coli: analysis of phos-
phorylation status versus transcriptional activity. J. Virol. 65:1719-1726.

4. Barik, S., and A. K. Banerjee. 1992. Phosphorylation by cellular casein kinase
II is essential for transcriptional activity of vesicular stomatitis virus phos-
phoprotein. Proc. Natl. Acad. Sci. USA 89:6570-6574.

5. Beckes, J. D., and J. Perrault. 1992. Stepwise phosphorylation of vesicular
stomatitis virus P protein by virion associated kinases and uncoupling of
second steps from in vitro transcription. Virology 188:606-617.

6. Bell, J. C., E. J. Brown, D. Takayesu, and L. Prevec. 1984. Protein kinase
activity associated with immunoprecipitate of the vesicular stomatitis virus
phosphoprotein NS. Virology 132:220-238.

7. Blumberg, B. M., C. Giorgi, and D. Kolakofsky. 1983. N protein of vesicular
stomatitis virus selectively encapsidates leader RNA in vitro. Cell 32:559-
567.

7a.Chuang, J. L., and J. Perrault. 1997. Initiation of vesicular stomatitis virus
mutant polR1 transcription internally at the N gene in vitro. J. Virol. 71:
1466-1475.

8. Colonno, R. J., and A. K. Banerjee. 1978. Complete nucleotide sequences of
the leader RNA synthesized in vitro by vesicular stomatitis virus. Cell 15:
93-101.

9. Das, T., A. K. Gupta, P. W. Sims, C. A. Gelfand, J. E. Jentoft, and A. K.
Banerjee. 1995. Role of cellular casein kinase II in the function of the
phosphoprotein subunit of RNA polymerase of vesicular stomatitis virus.
J. Biol. Chem. 270:24100-24107.

10. Das, T., M. Mathur, A. K. Gupta, G. M. C. Janssen, and A. K. Banerjee.
1998. RNA polymerase of vesicular stomatitis virus specifically associates
with translation elongation factor-1af+y for its activity. Proc. Natl. Acad. Sci.
USA 95:1449-1454.

11. Das, T., A. K. Pattnaik, A. M. Takacs, T. Li, L. N. Hwang, and A. K.
Banerjee. 1997. Basic amino residues at the carboxy terminal eleven amino

12.

13.

14.

15.

16.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

J. VIROL.

acid region of the phosphoprotein (P) are required for transcription but not
for replication of vesicular stomatitis virus genome RNA. Virology 238:103—
114.

Davis, N. L., and G. W. Wertz. 1982. Synthesis of vesicular stomatitis virus
negative-strand RNA in vitro: dependence on viral protein synthesis. J. Vi-
rol. 41:821-832.

Gao, Y., and J. Lenard. 1995. Cooperative binding of multimeric phospho-
protein (P) of vesicular stomatitis virus to polymerase (L) and template.
J. Virol. 69:7718-7723.

Gao, Y., and J. Lenard. 1995. Multimerization and transcriptional activation
of the phosphoprotein (P) of vesicular stomatitis virus by casein kinase II.
EMBO J. 14:1240-1247.

Gupta, A. K., and A. K. Banerjee. 1997. Expression and purification of
vesicular stomatitis virus N-P complex from Escherichia coli: role in genome
RNA transcription and replication in vitro. J. Virol. 71:4264-4271.

Gupta, A. K., M. Mathur, and A. K. Banerjee. 2002. Unique capping activity
of the recombinant RNA polymerase (L) of vesicular stomatitis virus: asso-
ciation of cellular capping enzyme with the L protein. Biochem. Biophys.
Res. Commun. 293:264-268.

. Helfman, W. B., and J. Perrault. 1988. Altered ATP utilization by the polR

mutant of vesicular stomatitis virus maps to the N-RNA template. Virology
167:311-313.

. Hoffman, M. A,, and A. K. Banerjee. 2000. Precise mapping of the replication

and transcription promoters of human parainfluenza virus type 3. Virology
269:201-211.

. Mathur, M., T. Das, and A. K. Banerjee. 1996. Expression of L protein of

vesicular stomatitis virus Indiana serotype from recombinant baculovirus in
insect cells: requirement of a host factor(s) for its biological activity in vitro.
J. Virol. 70:2252-2259.

Nishio, M., M. Tsurudome, M. Ito, and Y. Ito. 2000. Mapping of domains on
the human parainfluenza type 2 virus P and NP proteins that are involved in
the interaction with the L protein. Virology 273:241-247.

Pattnaik, A. K., L. Hwang, T. Li, N. Englund, M. Mathur, T. Das, and A. K.
Banerjee. 1997. Phosphorylation within the amino-terminal acidic domain I
of the phosphoprotein of vesicular stomatitis virus is required for transcrip-
tion but not replication. J. Virol. 71:8167-8175.

Patton, J. R., N. L. Davis, and G. W. Wertz. 1984. N protein alone satisfies
the requirement for protein synthesis during RNA replication of vesicular
stomatitis virus. J. Virol. 49:303-309.

Peluso, R. W., and S. A. Moyer. 1984. Vesicular stomatitis virus proteins
required for the in vitro replication of defective interfering particle genome
RNA, p. 153-160. In D. H. L. Bishop and R. W. Compans (ed.), Nonseg-
mented negative strand viruses. Academic Press, Inc., New York, N.Y.
Peluso, R. W. 1988. Kinetic, quantitative, and functional analysis of multiple
forms of the vesicular stomatitis virus nucleocapsid protein in infected cells.
J. Virol. 62:2799-2807.

Perrault, J., and P. W. McLear. 1984. ATP dependence of vesicular stoma-
titis virus transcription initiation and modulation by mutation in the nucleo-
capsid protein. J. Virol. 51:635-642.

Rose, J., and M. Schubert. 1987. Rhabdovirus genome and their products, p.
129-166. In R. R. Wagner (ed.), The rhabdoviruses. Plenum Publishing
Corp., New York, N.Y.

Schubert, M., G. Harmison, and E. Meier. 1984. Primary structure of the
vesicular stomatitis virus polymerase (L): evidence for a high frequency of
mutations. J. Virol. 51:505-514.

Takacs, A. M., T. Das, and A. K. Banerjee. 1993. Mapping of interacting
domains between the nucleocapsid protein and the phosphoprotein of ve-
sicular stomatitis virus by using a two-hybrid system. Proc. Natl. Acad. Sci.
USA 90:10375-10379.

Testa, D., and A. K. Banerjee. 1979. Initiation of RNA synthesis in vitro by
vesicular stomatitis virus: role of ATP. J. Biol. Chem. 254:2053-2058.
Testa, D., P. K. Chanda, and A. K. Banerjee. 1980. Unique mode of tran-
scription in vitro by vesicular stomatitis virus. Cell 21:267-275.

Thronton, G. B., B. P. De, and A. K. Banerjee. 1984. Interaction of L and NS
proteins of vesicular stomatitis virus with its template ribonucleic protein
during RNA synthesis in vitro. J. Gen. Virol. 65:663-668.

Whelan, S. P. J., and G. W. Wertz. 1999. Regulation of RNA synthesis by the
genomic termini of vesicular stomatitis virus: identification of distinct se-
quences essential for transcription but not replication. J. Virol. 73:297-306.



